One of the most common oil-field treatments is hot oiling to remove paraffin from wells.
INTRODUCTION
While hot oiling is a common oil field practice there is little appreciation of the thermal effectiveness of hot oiling. To change this situation a spreadsheet has been developed to estimate downhole temperatures during hot oiling. The spreadsheet was developed as an educational tool and makes a number of simplifying assumptions. If accurate predictions of downhole temperature are required, a more sophisticated code should be used. 1 The challenge was to develop user-friendly, interactive, public-domain software that will run on any PC. However, it is also important that the code be as physically accurate as possible. While there are a number of simple analytic models that have been used for predicting downhole temperatures during injection, drilling, or production, 2,3 they make assumptions that are not valid for hot oiling.
There are of course finite element or finite difference codes that could be adapted for the calculations, but this approach was not deemed to meet the user-friendly, interactive, and publicdomain goals. A significant challenge in the development of this tool was insuring that the equations and unit conversions were correctly input into the spreadsheet. Spreadsheets while being user friendly to use are difficult to debug. Thus, as part of the verification of the spreadsheet, the equations were solved, including units, with a symbolic logic program (Mathematica, http://www.wri.com/) and the results were shown to be the same as the spreadsheet to three significant figures.
Initially the tool developed to satisfy these requirements was a DOS based complied The intent of this report is to document the assumptions, empirical formulas used, and other information about the spreadsheet. As such it is a collection of separate topics written to document various aspects of the spreadsheet. While it lacks completeness or flow from one topic to the next, its value to those who are already using the spreadsheet makes it important to publish it as rather than let the work go undocumented.
In a "hot oiling" job oil or water is injected down the annulus of an oil well in an attempt to melt paraffin that has deposited in the tubing. The heat capacity of the fluid injected is smaller than the heat capacity of the casing and tubing and there is heat loss to the surrounding rock.
Thus the oil injected cools rapidly. The effectiveness of hot oil/watering depends on the depth to which the tubing is raised above the melting point of the paraffin. Because of this rapid cooling of the injected fluid, the assumption of quasi-static equilibrium assumed in previous work needed to be investigated, thus the development of the spreadsheet started with the transient differential equations.
Sometimes Joule-Thomson cooling during production can cool the production interval enough to drop the temperature below the cloud point and cause paraffin to precipitate at the production interval. Being able to calculate if this happens can be important in analyzing paraffin problems and thus such calculations have been included in the spreadsheet.
The development of a practical approach to estimating hot oiling temperatures has involved a number of various investigations which constitute the sections of this document:
• SPREADSHEET EMPIRICAL FORMULAS: establishing empirical formulas for fluid properties, falling film flow, heat transfer coefficients, and heat loss to the earth, • QUASI-STATIC APPROXIMATION: investigation of quasi-static equilibrium assumption for case of no flow in the tubing, • DERIVATION COUNTER-FLOW EQUATIONS: derivation of counter flow equations assuming quasi-static equilibrium, but accounting for the depth the thermal transient penetrates the well from the surface, • JOULE-THOMSON COOLING: development of approach for calculating the temperature of gas flow up the annulus during production.
• VERIFICATION OF HOT OILING SPREADSHEET: verification of hot oiling and hot watering calculations with field data.
SPREADSHEET EMPIRICAL FORMULAS

Average Fluid Temperature
The average fluid temperature is used to calculate fluid viscosity and density. It thus has an effect on the thermal properties, such as, heat transfer coefficients. The user can replace the formula with a numerical value iteratively to assure calculations are self consistent. It is important, however, to recognize that once a formula in a cell is replaced by a numerical value input, the formula is gone and the spreadsheet must be reloaded to recover the formula. The value assumed is (nomenclature defined at end of report)
Oil Viscosity
The spreadsheet calculates oil viscosity in two steps: first, oil viscosity at 60 °F, and then, oil viscosity at "average fluid temperature." This allows the user to change the oil viscosity at 60 °F, while still using the formula to correct viscosity for temperature. The oil viscosity at 60 °F is calculated from the oil gravity using the Beggs .
Water Viscosity
The viscosity of water can be estimated from a formula of Hawkins et al.: . .
Oil Density
The density of oil is calculated from the oil gravity using a value for the coefficient of thermal expansion recommended by Farouq Ali: 
Water Density
The density of water is calculated from the average temperature using the following formula by Farouq Ali: 
Thermal Conductivity of Oil
The thermal conductivity of oil was calculated as proposed by Cragoe:
Heat Capacity of Oil
The heat capacity of oil was calculated from Gambill's 8 relation:
Heat Capacity of Water
The heat capacity of water was calculated from Farouq Ali 's formula 
Approximate Area and Wetted Perimeter for Fluid Falling in Annulus
It is assumed that at the beginning of a hot oil/watering job that the annulus is filled with gas and that the fluid injected falls down the annulus. The tubing is assumed to be against the side of the casing as shown on Figure 5 .
The wetted perimeter in Figure 5 is approximately proportional to the square root of the area occupied by the fluid: For channel flow the Chézy formula 9 relates velocity, friction factor, wetted perimeter, and area:
The Reynolds number and friction factor can be written in terms of the area as 
Annular Heat Transfer Coefficient
The annular heat transfer coefficient can be calculated using the following formulas: 10 
where C is the heat capacity of the fluid in the annulus, k is the conductivity of the surrounding earth, and U is the overall heat transfer coefficient as discussed by Willhite. 11 For hot oil/watering jobs, U is typically large enough that f(t) is closer to a constant temperature than constant flux boundary condition. The analytic solution for this boundary condition is 12 f y e dz For hot oil/watering jobs the time of heat transfer is short enough that the difference in thermal conductivity of the "cement" surrounding casing and the earth can be important. This can be corrected for using the following empirical equation:
where k c is the conductivity of the cement, k e is the conductivity of the earth, and
Joule-Thomson Cooling
For oil and water free gas expanding from a high formation pressure to a low flow-line pressure the Joule-Thomson cooling can be approximated as
QUASI-STATIC APPROXIMATION
Including the effects of the heat capacity of the fluid in the annulus results in the following time dependent generalization of Ramey's 1 differential equation:
where Q is positive for flow down the well and negative for flow up the well, sign = 0 for liquid flow in the well, sign = -1 for gas flow down the well, sign = +1 for gas flow up the well, and
where B[z,t] is a function that goes to zero far from where fluid enters the well and In order to do the numerical integration it is necessary to assume a value for ε. The value assumed was 0.0004. The conclusion is not significantly dependent upon the ε assumed as was demonstrated by varying the value of ε. a square shoulder at the cutoff depth, where as, the numerically integrated solution is rounded. Fortunately, the depth the spreadsheet needs to be accurate is back up the well above the "thermal front" (~500 ft) where the increase in temperature is high enough to be above the wax melting point. At these depths the error in the quasi-static solution is only a few percent. The above equations apply when the annulus has fluid in it. At the beginning of a hot oil/watering job the annulus is typically empty. Clearly below the depth the fluid has fallen or reached, there will be no change in temperature. The depth t/ε is the depth to which the thermal front has advanced down the well. This depth will be less than the depth the fluid has fallen.
The case considered here is for a single flow stream, down the annulus only. When there is flow down the annulus and up the tubing the problem becomes more complex and the time dependent equations can not be solved in integral form. However, the evaluation of the quasistatic solution above indicates that it can be used, provided that the transient solution is cutoff at the right depth.
DERIVATION OF COUNTER-FLOW EQUATIONS
During a hot oil/watering job, fluid flows down the annulus and up the tubing; thus the well acts like a counter-flow heat exchanger. The thermal effectiveness of a hot oil/watering job can be analyzed using the temperature of the fluid in the tubing-casing annulus, T 1 , and rodtubing annulus, T o , and the temperature of the earth, T e (see Figure 7) . The importance of the steel in the rods, tubing, and casing is that the steel absorbs heat from the fluid or changes the heat capacity of the system. The rate of heat flow up or down the well, for example −Q C T z 
where the heat capacity terms combine the capacity of the fluid and steel According to Ramey the heat flux at the outside of the casing can be prescribed as
k e is the conductivity outside the casing assuming homogeneity, i.e., no contrast in thermal properties between the cement and the earth. The section on empirical formulas gives a correction for the effect of the cement. This correction is important because at the beginning of a hot oil/watering job the radial thermal disturbance only penetrates the cement where as at the end of the job it penetrates out into the earth. The correction was determined by solving the inhomogeneous radial heat flow equation using a finite difference method. Solving this last equation for T 2 , the temperature at the casing cement boundary, and substituting in the first two equations gives ∂ ∂ ε ∂ ∂
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1 1 To address the issue of whether the radial heat flow equation can be solved separate from the above equations, the results of this work were compared with finite difference code calculations.
The quasi-static assumption can be used to reduce the above equations to static equations provided the solution is cutoff at the right point. It is assumed that the down hole pump does not introduce any thermal transients and that below the heat-front propagating down the well from the surface, temperatures are in equilibrium with the earth, i.e. for z*ε 1 > t that T 1 = T o = T e . Substituting the last equation into the first and solving for ∆T, the observed temperature change or T 2 -T 1 gives
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After a day of production the second term in the denominator typically becomes small. That is, after a day, the observed cooling ∆T levels off and
When a well is produced with oil and water pumped up the tubing and gas flowing up the tubing-casing annulus, heat transfers accross the tubing much easier than from the casing to the earth. Thus the oil, water, and gas can be assumed to be in thermal equilibrium with each other, but may be at a temperature different than that of the earth. The equations governing heat lost to the earth are thus 
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VERIFICATION OF HOT OILING SPREADSHEET
While the physics included in the calculations done by the Hot Oiling Spreadsheet is basic, there is always questions as to whether a set of calculations includes the right physics and is the physics coded correctly. To address these questions, a series of field tests were done in attempt to verify the Hot Oiling Spreadsheet. At the time these field tests were started, there was no practical way to measure downhole temperatures during hot oiling. Hence, a parallel effort to develop downhole rod coupling temperature monitors was initiated. The development of these is documented as part of the Applied Production Technology home page on the INTERNET (http://www.sandia.gov/apt/). These were only available for limited use during the verification of the spreadsheet. Unfortunately, no verification has been done of the Joule-Thomson cooling calculations.
Field tests of the heat transfer that occurs during hot oiling or hot watering were made by setting a bridge plug between the perforations and bottom of the tubing so that fluid could be circulated without entering the formation. The temperature was logged before the experiment to determine the geothermal temperature. Temperature was recorded inside the tubing at 300 feet while hot fluid was circulated and immediately after circulation was stopped the temperature in the tubing was logged. Before the test, the well was filled with oil, circulated, and allowed to equilibrate. At the end of the first day the oil was displaced with water. The next day hot water was circulated. Thus, the thermal disturbance from circulating the oil had a day to dissipate before hot water was circulated. Radial heat flow calculations indicate that the temperature increase due to the hot oil should be down to ~ 5% the next day. temperature, but is systematically less. In making this calculation, none of the typical input parameters (thermal properties of the earth, etc.) were changed from the defaults in the spreadsheet. While the discrepancy is no more than expected due to uncertainties in the typical input parameters, the nature of the discrepancy suggests that it may be due to ignoring the surface casing. Overall, the maximum discrepancy, at the end of this long job, is only about 10 °F, which is within the uncertainty due to the typical input parameters or within the accuracy the spreadsheet was designed to give. Figure 10 shows temperature as a function of time 300 feet down the tubing taken with a downhole rod coupling temperature monitor. The agreement between the spreadsheet and measured data is quite good. As before, the typical input parameters were not changed from the defaults in the spreadsheet. The calculations shown do not consider the surface casing which is set at 341 feet or below the depth of the measurement. Including surface casing improves agreement. The figure assumes that the process began when the first measurement was taken.
However, since heat had already reached 300 feet the hot oiling truck must have been started some time earlier. Accounting for this will shift the measured data to the right improving the agreement. Figure 11 compares the temperature logged immediately after circulating water with that predicted by the spreadsheet. One additional change in the spreadsheet was made for these calculations: the fluid in the tubing was assumed to be water rather than oil. At first glance the agreement does not appear to be as good as for oil circulation; if, however, the surface temperature is raised 5°F to account for the heat left over from the day before, the agreement for hot watering is just as good as for hot oiling.
In conclusion, the spreadsheet has been shown to be a reasonable tool for estimating hot oiling and hot watering downhole temperatures.
CONCLUSIONS
The goal in developing the Hot Oiling Spreadsheet was to provide a public-domain, userfriendly program for evaluating the effectiveness of hot oiling jobs. The success in meeting such a goal is determined by how much the program is used by the customer, the oil patch. Sandia has received over 200 requests for copies of the spreadsheet. Further, a number of companies have written indicating they make their own copies and distribute them as part of in-house training. Recognition of the value of the spreadsheet as a educational tool resulted in requests from industry to place the hot oiling spreadsheet on the INTERNET. Petrolite, St. Louis MO, has used the physics documented here to develop a Windows™ version of the spreadsheet for use in their paraffin control schools. Short articles on the Sandia's work on paraffin control including the spreadsheet have appeared in the Oil & Gas Journal, World Oil, and The American Oil & Gas Reporter. Thus there has been a high recognition of the value of the spreadsheet by the customer and the goals set in developing the spreadsheet have been met. This recognition of the value of the spreadsheet has been the impetus to document the physics of the spreadsheet in this report. Temperature of the oil in the annulus between the casing and the tubing, °F, T 0
NOMENCLATURE
Temperature of the oil inside the tubing, °F, T 2
Temperature at the outside of the casing, °F, U ti
Overall heat-transfer coefficient at inside of tubing, Btu/day-ft 2 -°F, U co Overall heat-transfer coefficient at outside of casing, Btu/day-ft 2 -°F, z Depth, ft, v Velocity, ft/min, α Thermal diffusivity, ft 2 /day (α = k/ρC), ∆T Observed temperature change, °F, ∆T J-T Joule-Thomson cooling, °F, ∆z Production interval. ft, µ Viscosity, CP, ρ Density, lb/ft 3 , and γ o Oil gravity, °API. 
